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ABSTRACT 

I n  recent  y e a r s ,  t h e  q u a l i t y  of petroleum f e e d s t o c k s  used  by 
refineries has decreased. This has necessitated the use of severe ref inery 
processes in order  t o  produce je t  fue l s  of high thermal s t ab i l i t y  and 
cleanliness. Unfortunately, these processes remove natural ly  occurring 
polar material which impart a fuel's inherent lubr ic i ty .  As a result, t h e  
lubricity properties of jet fue l  products have decreased. This c r i t i c a l  
fue l  property is essent ia l  f o r  s u s t a i n e d  h igh  performance of f u e l  
lubricated engine components. T h i s  p a p e r  d e s c r i b e s  a method t h a t  
cor re la tes  natural ly  occurring and added carboxylic a c i d s  with f u e l  
lubricity as m e a s u r e d  by the Ball-on-Cylinder Lubricity Evaluator (BOCLE). 

INTRODUCTION 

I n  recent years, the quality of petroleum feedstocks has decreased. 
Thus, it has become neceSSary t o  employ severe refining processes in order  
to  projuce jet fuels of high thermal s tab i l i ty  and cleanliness. Processes 
such a s  hydro t r ea thg ,  hydrocracking, and clay f i l t e r ing  e f f e c t i v e l y  
remove the compounds wh'ch decrease thermal s t ab i l i t y  and hinder  w a t e r  
removal by c~alescence.'-~ Unfortunately, some of these compounds are 
believed t o  impart a fuel's natural lubricity. Removal of t h e s e  compounds, 
therefore,  leads t o  a dec rease  i n  t h e  o p e r a t i o n a l  l i f e t i m e  of f u e l  
lubricated engine components i n  some military and commercial a i rc raf t .  
This in turn  causes increased maintenance costs and down-time of a i rc raf t .  
For the commercial airlines, t h i s  can cause a loss of revenue while an 
aircraft is grounded. For the mi l i t a ry ,  this can lead t o  a decreased s t a t e  
of r ead iness .  

Lubricity is a qua l i ta t ive  description of t h e  relative ab i l i t i e s  of 
two fluids, w i t h  t h e  same viscosity,  t o  l i m i t  wear and f r i c t ion  between 
moving metal  surface^.^'^ It a b e  t h e  m o s t  c r i t ical  f u e l  p r o p e r t y  
degraded by refinery processes$f' There have been instances where t h  
use of l o w  lubr ic i ty  fuel has  caused loss of a i r c r a f t  and human l i fe .  7 

Considerable effort has been made in the development of a mechanical 
method which can be performed in the  laboratory which w i l l  measure fue l  
l u b r i c i t y .  The c u r r e n t  and most widely accep ted  method is t h e  
Ball-on-Cylinder Lubricity Evaluator (BOCLE). The lub r i c i ty  of a fue l  is 
determined by the measurement of a w e a r  scar on a ball which has  been in  
contact w i t h  a rotating cylinder partially immersed in a fue l  sample. The 
reported value is the average of the major and the  minor axes of t h e  oval 
w e a r  scar in millimeters. Typical values f o r  jet fue l s  are between 0.45 
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and 0.95 mm. 

This paper describes a method for estimating the lubr ic i ty  propert ies  
of jet fuel by compositional analysis. The information developed by t h i s  
technique is compared t o  measurements of the s a m e  fuels on the BOCLE. The 
method is based on a previously developed method f o r  determining t h e  
concentration of corrosion inhibitor as a lubr ic i ty  enhancer addi t ive in 

The analysis  procedure involves a base extraction of a fue l  
sample with subsequent ana lys i s  by h igh  r e s o l u t i o n  s i z e  exc lus ion  
chromatography. The amount of naturally Occurring oqanic  acids extracted 
from the fuels correlate w e l l  w i t h  t h e i r  respective BOCLE measurements. 

EXPERIMENTAL 

mqents- HPLC grade uninhibited tetrahydrofuran (THF) and HPLC grade 
methylene chloride w e r e  obtained from Fisher Scientific.  S i x  t e s t  fue l s  
and a hydroca rbon  s t a n d a r d  used  f o r  BOCLE r e p e a t a b i l i t y  and 
reproducibil i ty s tud ie s  were obtained from the Naval A i r  Propuls ion 
center, Trenton, NJ. These samples included: two JP-4 fuels,  one of which 
had been c lay  f i l t e r ed ;  two Jet A fuels,  one of which had been c l a y  
filtered; a Jp-5 fuel; a JP-7 fuel;  and ISOPAR M, an i soparaf f in ic  f lu id  
used as a l o w  lubricity standard. A model JP-5 fue l  w a s  prepared using 
technicdl grade (99.7% purity) n-dodecane obtained from Phi l l ips  66 Co. 
HPLC grade toluene was obtained from Burdick and Jackson Laboratories Inc. 
Other constituents of the model fuel w e r e  obtained from Fisher  Scientific.  
These  compounds i n c l u d e d  indan,  deca l in ,  t -bu ty lbenzene ,  and 
cyclohexylbenzene. To investigate the ef fec t  of organic acid t y p e  on 
lubricity e n h a n c e m e n t ,  the following acids were used: octanoic, decanoic, 
lauric, palmitic, stearic, cyclohexane carboxylic acid, and dodecylbenzene 
s u l f o n i c  ac id .  

Eauiument and Materials- Samples w e r e  analyzed using a Beckman-Altex 
Microspherogel high resolution, size exclusion column, Model 255-80 (50A 
pore size, 30cm x 8.0mm I.D.). Uninhibited THF w a s  used as t h e  mobile 
phase. The THF w a s  periodically sparged with dry nitrogen t o  inh ib i t  
formation of hazardous peroxides. The injector w a s  a Rheodyne Model 7125. 
A Beckman Model 100-A HPLC pump w a s  used f o r  solvent delivery with a 
Waters Model 4 0 1  d i f f e ren t i a l  refractometer f o r  detection. Peaks were 
identified using a Varian Model 9176 s t r i p  cha r t  r eco rde r .  A F i s h e r  
A c c u m e t  pH M e t e r  Model 610A and a Fisher Standard Combination Electrode 
Catalog Number 13-639-90 w e r e  used for  pH adjustments. BOCLE measurements 
W e r e  performed at twenty different laboratories worldwide. The BOCLE used 
w a s  an InterAv Model BOC 100. The cylinders used w e r e  Timken R i n g s  Pa r t  
Number F25061 obtained from the Falex Corp., Aurora, IL. The test ba l l s  
U s e d  were  12.7mm diameter, SKF Swedish Steel, Part Number 310995A obtained 
from S K F  I n d u s t r i e s ,  Allentown, P A .  

Method- Fue l  samples w e r e  analyzed for  organic acid concentration by a 
PreViOUSly developed method.8 For each sample, 100 m l  were extracted 
W i t h  100 m l  of 0.2M aqueous sodium hydroxide. T h e  aqueous phase was 
drained in to  a clean beaker and acidified dropwise with concentrated 
hydrocNoric acid. The pH of t h e  aqueous solution was lowered t o  2.0 t 
0.03. The acidified aqueous phase w a s  back-extracted with 100 m l  HPLC 
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grade methylene chloride. The methylene &loride w a s  drained in to  a clean 
beaker and allowed t o  evaporate. After evaporation, t h e  r e s i d u e  w a s  
dissolved in 2.0 ml HPLC grade THF and transferred t o  a g lass  Vial with a 
t e f l o n - l i n e d  cap. 

BOCLE measurements on t h e  seven fue l  samples were performed i n  
duplicate a t  twenty laborator ies  in t h e  United S t a t e s  and Europe. The 
BOCLE method used was according t o  appendix Y of t h e  Aviation Fuel  
Lubr 'c i ty  Evaluation published by t h e  Coordinating Research Council, 
Inc.li The lubricity of each sample w a s  measured using both a 500 and a 
1000 gram load for  the ball on cylinder. The compositional analysis  data 
is c o r r e l a t e d  with t h e  500 gram load BOCLE d a t a .  

To determine the effect of sulfonic acid on lubricity enhancement, six 
model fuel samples w e r e  prepared for  BOCLE analysis. These samples a r e  
Listed w i t h  t h e i r  re la t ive  wear scar diameter measurements in Table 1. 

RESULTS 

Figures 1 and 2 are size exclusion chromatograms f o r  the seven fue l  
samples. Figure 1 represents those fue ls  which were determined t o  have 
high lubricity. F w r e  2 represents those fuels  which w e r e  found t o  have 
low lubrici ty .  The region of interest on the chromatogram is t h e  area 
where retention volume is between 5.25 m l  and 1.5 ml.  The peaks which 
elute a f t e r  7.5 m l  are artifacts and w e r e  not extracted from t h e  fuel. I n  
Figures l a  and lb, t h e  peaks with retention volumes less. than 6.25 m l  
correspond to  the presence of the  lubr ic i ty  enhancer additive. The peak 
which e lu tes  a t  approximately 5.85 m l  r e p r e s e n t s  t h e  major a c t i v e  
ingredient in most commercial additives, di l inoleic  acid (DLA). It has a 
molecular  weight  of 562 dal tons .  T h i s  m a t e r i a l  is p r e p a r e d  by a 
1,4-cycloaddition ( D i e l s -  Alder) reaction of two l inoleic  acid molecules. 
The product is a monocyclic compound with a m o l e c u l a r  weight t w i c e  t h a t  of 
Linoleic acid. It p o s s w e s  two carboxylic acid groups which a r e  believed 
t o  b e  t h e  p o i n t s  of adsorp t ion  t o  active s u r f a c e  sites. 

The s m a l l  peak which elutes at approximately 5.4 ml corresponds t o  t h e  
presence of t r i l ino le ic  acid (TLA). TLA, which is also a product of the 
Diels-Alder reaction, may possess e i ther  a par t ia l ly  unsaturated fused 
dicyclic r ing  s t ruc ture  o r  two isolated par t ia l ly  sa tura ted  cyclohexyl 
rings. It has  a molecular weight approximately t h r e e  t i m e s  t h a t  of 
l i n o l e i c  ac id  (840 da l tons) .  

The fuels whose chromatograms are depicted in  Figures  IC and, Figures 
2a through 2d, do not possess t h e  lubr ic i ty  enhancer additive. Thei r  
lubr ic i ty  propert ies  are ,  f o r  t h e  most p a r t ,  s o l e l y  r e l a t e d  t o  t h e  
presence of natural ly  occurring carboxylic acids. The c o r r e l a t i o n  of 
acidic materials present which e l u t e  a t  7.25 m l  is made with the BOCLE 
measurements. Th i s  retention volume w a s  arbitrarily chosen because it was 
representative of naturally occurring organic acids present in each of t h e  
samples. 

Table  2 lists t h e  BOCLE r e s u l t s  of t h e  seven  f u e l  samples. 
Statistically, it can be seen t h a t  t h e r e  a r e  two d i s t i n c t  groups. Three 
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FIGURE 1: HPLC Chru-s of m h  Iubricity Fuels as Deterrmn ’ ed by the 
Ball-on-Cylmder Lubricity Evaluator. 

CT JP-4 lsopar M 

FIGURE 2: HPX chromatograms d m w  ~ubricity mels as r .  ed by the 
Ball-on-Cylinder Lubricity Evaluator. 
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fuels, Jp-4, Jet A, and JP-5, w e r e  found t o  have high lubr ic i ty ,  and t h e  
four others, clay filtered JP-4, ISOPAR M, clay f i l t e red  Jet  A, and JP-7, 
were found t o  have low l u b r i c i t y .  The r e s u l t s  wi th in  each  set  a r e  
statistically t h e  same. The average re la t ive  wear s c a r  diameter f o r  t h e  
high lubr ic i ty  f u e l s  is 0.64 mm 2 0.05 mm (7.8%). The average re la t ive  
w e a r  scar diameter for  the low lubr ic i ty  fue ls  is 0.94 * 0.10 mm (10.6%). 
This implies tha t  t h e  precision of the BOCLE is b e t t e r  f o r  high lubr ic i ty  
r a t h e r  t h a n  low l u b r i c i t y  f u e l s .  

Table 3 compares t h e  t h e  peak height a t  7.25 m l  wi th  t h e  BOCLE 
measurements f o r  each of t h e  fuels. B o t h  JP-4 and Jet A possess  t h e  
lubricity enhancer additive. It is, therefore ,  not Surprising t h a t  these 
w e r e  hiqh lubricity fuels. It can be seen in Figure lb and Table 3 t h a t  
the Jet A sample had a significantly hiqher Concentration of t h e  natural ly  
cccurrinq carboxylic acids and lubricity enhancer additive than e i ther  t h e  
JP-4 or  JP-5. The lubricity of the Jet A, however, was not s ignif icant ly  
higher than the  other high lubricity fuels. Previous work has  shown t h a t  
there  is a minimum possible wear scar  diameter. The addition of more 
lubr ic i ty  enhancer addi t ive o r  the presence of a g r e a t e r  amount of 
naturally occu ing lubricity enhancing species w i l l  not decrease t h e  wear 
scar  diameter? I n  each of the hiqh l u b r i c i t y  f u e l s ,  t h e  maximum 
lubricity has been achieved. Thus, t h e  lubr ic i ty  measurements f o r  these  
f u e l s  are t h e  same. 

There may be s o m e  question as t o  why the JP-5 sample had significantly 
higher lubr ic i ty  than t h e  four  low lubr ic i ty  fuels. I n  Table 3, it can 
been seen tha t  t h e  JP-5 sample has only t w i c e  the concentration of acidic 
s p e c k  eluthq a t  7.25 m l  than the low lubrici ty  fuels, y e t  the lubr ic i ty  
propert ies  a r e  s ignif icant ly  bet ter .  By comparison of Figure IC with 
Figures 2a through 2d, it can be seen that  each of t h e  f u e l s  in Figure 2 
possess a sinqle peak which elutes a t  7.25 ml. The JP-5 sample depicted i n  
Figure IC has, not only t h i s  peak, but  higher molecular weight acidic 
species which elute between 6.25 and 7.0 nil. W e  propose t h a t  t h e  presence 
of these naturally wcurring components in addition t o  two t o  t h r e e  times 
t h e  concentration of material e lut ing a t  7.25 m l ,  y i e l d s  t h e  h i g h e r  
l u b r i c i t y  c h a r a c t e r i s t i c s .  

Dcdqlbenzene sulfonic acid (DBSA) was found t o  have no e f fec t  on 
lubricity a t  concentrations t h a t  a r e  normally found i n  jet fuel. Table 1 
shows that  at DBSA concentrations up t o  1.0 ppm, DBSA did not  decrease 
w e a r  scar diameter measurements for  the model fuel. This is in agreement 
w i t h  work performed by Lazarenko, et al. They found t h a t  cor ros ion  
i n h i b i t o r s  based  on s u l f o n i c  a c i d s  d i d  n o t  i n c r e a s e  jet  f u e l  
lubricity.’* Model fue l  doped with 96.0 ppm of a c a r b o x y l i c  a c i d  
mixture had, however, significanty lower w e a r  scar diameter measurements, 
Le., l u b r i c i t y  had i n c r e a s e d  a s  expected.  

DISCUSSION AND CONCLUSIONS 

The effect of long chain carboxylic acids on boundary lubriciat ion is 
w e l l  es tabl ished.  The p r e s e n c e  of n a t u r a l l y  o c c u r r i n g  l o n g  cha in  
carboxylic acids in jet fuel is believed to play a major ro le  in lubrici ty  
enhancement. Any refinery procedure which removes these acids w i l l  have a 
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detrimental effect on the lubricity of j e t  f u e l  products. Thus, processes 
such hydrotreatment, hydrocracking, and clay f i l t r a t i o n  w i l l  decrease 
j e t  f u e l  l u b r i c i t y .  

It is w e l l  known t h a t  clay f i l t ra t ion  adverse ly  a f f e c t s  jet f u e l  
lubricity. It has  long been believed tha t  this is a r e s u l t  of t h e  removal 
of n a t u r  1 o c c u r r i n g  p o l a r  m a t e r i a l s  i n  f u e l  which impar t  
l ~ b r i c i t y ? ~ ’ ~ ~ ~ ~ ~ ~ ~  The r e s u l t s  of t h e  BOCLE measurements confirm 
t h a t  l u b r i c i t y  d o e s  indeed  d e c r e a s e  a f t e r  c l a y  f i l t r a t i o n .  The 
ampositional changes can be seen by comparison of. Figures lb and 2 c  which 
represent Jet A fuel before and a f t e r  clay f i l t ra t ion .  The concentration 
of lubricity imparting organic acids  has  been dras t ica l ly  reduced. The 
lubr ic i ty  enhancer addi t ive has a l s o  been completely removed. The 
corresponding result is an extreme reduction in fuel lubricity. Comparison 
between clay f i l t e r e d  and non-clay f i l t e red  JP-4 cannot b e  made s ince 
t h e s e  were two d i f f e r e n t  f u e l s .  It  can b e  seen,  however, t h a t  t h e  
mandatoly cnrmsion inhibitor/lubricity enhancer addi t ive is not present  
i n  the  c l a y  f i l t e r e d  sample. 

This work has shown that a direct relationship between the presence of 
natural ly  occurring carboxylic acids  and BOCLE m e  surements e x i s t s .  
Previous work by has  a lso shown t h i s  relationship.8 They analyzed a 
series of additive-free JP-5 and Jet A samples for  naturally organic acids  
and c o r r e l a t e d  t h e i r  p r e s e n c e  with t h e  f u e l s ’  r e s p e c t i v e  BOCLE 
measurements. Additional work, which w i l l  be published in a subsequent 
paper, has shown the relationship in Naval JP-5 f ie ld  samples a s  well a s  
A i r  Force JP-4 f i e l d  samples. 

S u l f o n i c  a c i d s ,  however, were n o t  found t o  i n f l u e n c e  BOCLE 
measurements and, therefore ,  do not enhance  l u b r i c i t y .  Other  p o l a r  
material in jet  fue l  may c o n t r i b u t e  t o  l u b r i c i t y  enhancement.  The 
carboxylic acids, which a r e  w e l l  known sur face  a c t i v e  and l u b r i c i t y  
enhancing  s p e c i e s ,  are l i k e l y  t o  b e  t h e  major c o n t r i b u t o r .  

I n  the future, it appears as though the BOCLE w i l l  be accepted a s  t h e  
s t a n d a r d  method f o r  measuring l u b r i c i t y  i n  t h e  l a b o r a t o r y .  The 
compositional analysis m e t h d  can be used as a supplementary method to t h e  
BOCLE for verification of lubr ic i ty  measurements. There are ,  however, a 
few advantages t o  t h e  compositional analysis method over the BOCLE. F i r s t ,  
the  BOCLE is operator sensitive. Second, the instrument is sens i t ive  t o  
contamination of t h e  fue ls  and t e s t  materials. Third, t h e  presence of 
dissolved oxygen and water in  a sample w i l l  influence t h e  wear s c a r  
generated. Fourth, t h e  BOCLE is very sens i t ive  t o  re la t ive  humidity. 

The compositional analysis  method is not  s e n s i t i v e  t o  r e l a t i v e  
humidi ty  o r  d i s s o l v e d  oxygen and water  i n  a f u e l  sample. T r a c e  
contamination between samples  does n o t  occur  as r e a d i l y  with t h e  
compositional analysis method and its influence is signif icant ly  less. The 
compositional analysis method is also able t o  dis t inguish between t h r e e  
types of high lubricity fuel which the BOCLE cannot. These include; a high 
lubrici ty  fue l  without corrosion inhibi tor ,  a high lubr ic i ty  fue l  with 
corrosion inhibi tor ,  and a low lubr ic i ty  f u e l  with corrosion inhibitor. 

fLlthagh the lubricity enhancer additive is mandatory i n  U.S. military 
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je t  fuel, a number of Naval Jp-5 fuel samples were indentified where the 
lubricity additive may not have been necessary. Addition of the lubrici ty  
enhancer additive t o  these fuels may have been an u n n v  expense. I n  
addition, the lubr ic i ty  enhancer addi t ive has  been shown t o  adversely 
effect  t h e  removal of water from fuel by coalescence. The use of t h e  
additive, therfore, may aaUaUy be detrimental ra ther  than  beneficial  i n  
some f u e l s .  

Finally, f o r  those fue ls  which have had t h e  l u b r i c i t y  enhancer  
additive blended in a t  the refinery, the wmpmitiOnal analysis  method can 
be used as a quality assurance and quality control  procedure. Both t h e  
refiner and user can analyze a fuel for  levels of bath naturally occurring 
and added l u b r i c i t y  impar t ing  o r g a n i c  ac ids .  

TABLE 1 

SAMPLE -L conc.JQ E l O r u B h 7 . d  ‘ WSD 
1 0.0 0.0 0.99 
2 0 . 5  0.0 0.98 
3 1.0 0.0 1.00 
4 0.0 96.0 0.49 
5 0.5 96.0 0 .51  
6 1 .0  96.0 0.53 

Ihe Effect a€ Daleyltenzae sulfonic A c i d  on Lubricity as neasured by 
t h e  BOCLE in the P r e s e n c e  and Absence of Carboxylic Acids .  

TABLE 2 

SAMPLE 
JP-4 
JET A 
JP- 5 
CT JP-4 
ISOPAR H 

’ CT JET A 
JP-7 

Normalized WSD 
0.63 
0.64 
0.65 
0.92 
0.93 
0.93 
1.00 

0.05 
0 . 0 5  
0 .05  
0.11 
0.09 
0.09 
0.11 

The Lubricity of Fuel Samples as Measured b y  t h e  Bal l -on-Cyl inder  
L u b r i c i t y  Evaluator.  

SAMPLE 
JP-4- 
JET A *  
JP-5 
CT JP-4 
ISOPAR H 
CT JET A 
JP-7 

Normalized WSD 
0.63 
0.64 
0 .65  
0.92 
0.93 
0.93 
1.00 

Pk Hst @ 7.25 mL 
10.0 m m  

2265.0  mm 
15 .5  mm 
6.5 mm 
4.5 m m  
6 .0  m m  
7.5 mm 

:$ontained a l u b r i c i t y  e n h a n c e r  a d d i t i v e  

meanqmnsn . d O z y a n i c A c i d C o r p a s i t i o n  at 7 3 5  I& R e t e n t i o n  Volume 
w i t h  L u b d d t y  as neanned by the Bauan-cylinaer Lubricity mmhmtmr. 

Higher molecular  w e i g h t  a c i d i c  s p e c i e s  were a l s o  p r e s e n t  
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